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SYNOPSIS 


The thesis consists of three parts. In part A, the 
characteristics of a Na-S battery system are reTiewed and 
an analysis of the performance of tubular and flat plate 
battery designs is described. 

In part B, the heart of the battery system viz. the 
electrolyte, and its characteristics are briefly described. 
Characterization of the electrolyte material is critically 
reviewed. Five experimental samples of ft and p" alumina 
are evaluated data obtained from experiments with 

three different electrode systems, over a range of temper- 
atures and frequencies. 

In part C, the restilts of the present worlc are 
summarized and some conclusions drawn. 



I 


Seireral reviews have assessed the candidate battery 
systons which coiild be considered for general purpose vehicle 
systems ' , Only hi^ energy battery systems can result in a 
viable power system for a general purpose vehicle. Hone of 
the ctirrently available battery systems fxilfilBboth the hi^ 
energy and the high power density requirements. High temperature 
batteries are attractive for traction applications because they 
offer both high power density and hi^ energy density, Hi^ 
energy density is achieved by selecting reactants of low 
equivalent weight and high electronegativity difference. High 
power capability is attained by: increasing the exchange 
current density through the use of one or more components in 
liquid form, achieved by operating the system at elevated 
taaperature, and by using low resistance electrolyte. 

!Ihe sodim-sulfur system is a particularly attractive 
system belonging to this class of hig^ temperature, hi^ energy 
batteries . It has attracted the attention of more or^inizations 
than any other system because it has the greatest potential for 
meeting the requirements for an electric car. The system is 
ideally stiited for an underground energy bank. 

2. THE SODIUM-SULFUR SYSTEM 

The great interest in the sodium-sulfur storage batteir* 
using beta-alumina as the electrolyte, is due to the fact that 
the characteristics of the anodic and cathodic reactants allow 
one to expect batteries with an energy density higher than 
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150 ¥-hr/kg., tinder satisfactoiy economic conditions. Kiis 
fact makes the soditaa-sulftir battery one of the most promising 
portable power sources . 

®iis cell, originally proposed by Rummer and Weber of 
the Ford Motor Co., (1967)^ is a product of the interaction of 
fundamental research in solid-state seAence and a continuing 
awareness of the energy problem. The cell makes use of a 
revolutionary approach to the battery problan, that of using 
liquid electrodes and separating them by a sodium-ion conducting 
solid membrane of beta— alumina — rising a solid electrolyte. 

The schematic diagram of the cell is shown in fig. 1.1a and 
that of a common lead- anid battery in fig, 1.1b for comparison. 
In the latter case, electrons pass throu^ the external circuit 
where they do work, and ions through the H 2 S 0 ^ electrolyte to 
complete the reaction, which is essentially the oxidation of 
lead and reduction of lead dioxide. The reactants ajid 
products are solid and the electrolyte liquid. 

The reactions on the sodium-sulfur cell are: 

2Ma “■ > 2Na^ + 2e”, at the anode 

2Sa^ + 2e + xS at the cathode. 

The sulfur rich polysulfides formed at first react with 
sodiTam to give polysulfides richer in sodium: 

2ira + (x-a) xMa 2 S^_^^ x = 3,4,5. 

The operating temperature is dictated by the temperature 
at which the prodiict can be retained in a liquid state. Thus 






Fig* A #ll ' ' Bteeisatic Sirnpem oZ a 8^#4jLu’^i*^ulf^4• u#ll ^#4 is^ 
' vitb .itsii of c#lX ;CtK 



3 


tlio Imposed constraints can be found from a phase • iagram. 

The jhase diagram of the NsgS-S system, shown in fig. 1.2, has 
been proposed by Gupta and Tischer^, revising the ore proposed 
by Pearson and Robinson^. !Ihe temperature at which the 
sulfur-pclysulfide melt can be retained in a 13 .^.iiid phase sets 
up the lower limit on the working temperature. At a tempera ttire 
of 300°C, solid begins to separate out at a composition near 
that of ^ 28 ^. At 350°C, the composition lfa 2 S 2 y be the 

limit. In practice, however, the Ra 2 S^ composition is taken 
as the 100% discharged state. The melting point of 3 ^ 28 ^, 

VIZ. 275°C, and the boiling point of smlfur, viz. 444 ®C, hence 
set the lower and upper limits to the operating tempera ttire of 
a sodium-sulfur cell. 

The free energy of formation of 1 & about 96 Ecal/ 

mole^ at 500°C and the corresjKjnding e.m.f. is 2.08V, Hence 
for a melt rich in sulfur, the e.m.f, of the couple is 2.08V, 

The variation of the e.m.f. of a sodium-sulfur cell with the 
variation of the composition of the melt is shown in fig, 1,3. 
Starting with pure sulfur, the voltage remains constant till a 
composition corresponding to Ha 2 S^ is reached. It then drops 
almost linearly to 1,76V, when melt composition corresponds to 
Ha 2 S^, which is taken as the 100% discharged state. 

3 . IHHSREFT APVAHTAgES OP THB SYSTEM 

The heart of the sodium-sulfur battery is the beta- 
alumina solid electrolyte. Since beta-alumina can be made to 
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conduct a range of species * , there is a choice in the 
selection of the anode material. Sodium is selected because 
it is cheap and easily available, its melting point is low 
and becaiise sodium beta— alumina is easy to fabricate* 

Sulfur is selected as the cathode material, because it 
is inexpensive and plentiful, is in liquid state at only 115°C 
and the formation energy of the polysulfides is quite hi^, 
which results in a high theoretical energy density of the 
sjstem. I&ider proper conditions, the reaction between sodium 
and sulfur is electrochemically reversible, thus making the 
battery rechargeable. 53ie polysulfide melt can be retained in 
a liquid state at a relatively low temperature compared to 
other sodium salts. Sulfiir is a poor electronic conductor, but 
this problem is easily solved by holding it in grajdiite. The 
polysulfides of sodim are semiconducting materials, hence 
their accumulation does not affect the cathode reaction. 

The reactants and products being liquid, the cell 
reaction is fast, allowing hi^ cxirrent densities. The 
reactants can be regenerated in the same physical form during 
recharging because they are in liquid form, thus making 
repeated charge— discharge cycling possible. In solid reactant 
systems cycle life is limited due to this fact. Sie cell 
reaction is simple and involves no gaseous products. Side 
reactions can not take place in the system thus ruling out 
the possibility of self-dis charge. 
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Ihe highest vapor presstxre encountered in tiui'Csysteai-c 
would he the vapor pressure of sulfur, viz. /«.^60 mm of Hg at 
300®C, Comiaon materials can he used as containers. Stainless 
steel has been found to he quite satisfactory. 

4.. T5B FIRST MBORAfORY tBRSION 

(Ehe small laboratory cell, developed by Weber and 
Kummer-' is shown in fig. 1,4. The cell, enclosed in a sealing 
glass envelope, used the stabilized p^-alumina, with a 
resistivity of 5 ohm-caa, at 300°C, as the electrolyte. Ihe 
ceramic was in the form of a thin walled tube to which a 
sodium reservoir was sealed at the top. Surroxmding the tube 
was the sulfur electrode — a 3 eho thick layer of carbon felt, 
holdi n g the liquid sulfur by capillaiy forces. ®ie grajdaite 
electrode was backed by an alloy current collector while a 
wire dipped in the liquid sodiisa acted as the anode current 
collector . 

Typical charge-discharge curves for this cell, having 
a 0.8 mm thick ceramic electrolyte are shown in fig. 1.5. The 
voltage-current density relations drawn in fig. 1.6 are 
essentially strai^t lines and show the absence of overvoltages 
due to slow reaction or slow mass transfer — activation or 
concentration polarization. Results obtained with small 
laboratory cells proved that the sodium-sulfur system ireis a 
very premising one. 
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: , P-BCS?TT D57SLC?!»:ET"^r. 

The early promise of the sodium-sulftxr cell has not 
fully materialized so far. The problem areas in the design and 
operation of the cell are resistivity of the solid electrolyte# 
electrode polarization, corrosion of cell materials, degra- 
dation of solid electrolyte after frequent charge- die charge cycles 
and the operating temperature, Work is cont inuing towards 
solving these problems in Britain^^^^, Japan, 

Tb'ance^^^’^, U.S.S.R^® etc. 

The Ford Motor Co«, the Jiioneers of the sodium— suUftir 
cell, have not come up with a completely practical battery till 
now. In Britain, the British Railways started to develop a 
jractical battery for their traction system. They have 
developed_ and tested tubular as well as flat plate battery 
designs^®^^^. They have standardized on a working temperature 
of 550 C. The tubular cell arrangement was adopted for initial 
experiments because in this design, the sealing area between 
the electrolyte and the cell wall could be kept to a minimum. 

A number of single tube and multiple tube cells were constructed 
and specific energy of 400 ¥— hr/kg was achieved. The flat plate 
batteries were designed for high rate systoas (discharge time^ 

1 hr). The longest life achieved at a current density of 
120 mA/cm^ was continuous 1000 hours, consisting of 400 cycles 
of charge-discharge. 

Tests were reported by KLectricity Council Research 
'^-utre (&,B.) on cells of about 45 ihr capacity, idiich gave 
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erratic performance and failed early due to beta-alumina 
diaphragm break-down^^. life times of over 5000 hours have 
now been achieved by this group^^ in continuous charge- 
discharge cycle tests (4 cycles/day); where the maximum 
discharge current is restricted to 200 mA/cm^ and nazimun 
charging current to 100 mA/cm^ , 

Stainless steel cells were constructed in Prance^^*^^, 
and the break-down of the electrolyte prevented by controlling 
the rate of re-charge, !Qils group has studied the mechanism 
of degradation of electrolyte, and gathered evidence to prove 
that magnesia additions and presence of contaminants result in 
the reduction of life-time of the beta-alumina electrolyte^^. 
iEhis group has standardized a fusion synthesizing method for 
beta— alumina electrolyte and has used electrophoresis to make 
thin, closed-end beta-aliuaina tubes^'^. 

In alternative approach to increase the operating life 
of the system is to decrease the working temperature and this 
was tried in IT.S.A. - by the addition of aluminum polysulfides 
to the sodium polysulfide melt. An electrode material with a 
melting point of 200^0 was achieved. !Siis also permits sealing 
with taflon. 

Kie Ford Motor Co,, seems to have solved the cycle life 
laroblem, as they have achieved a life greater than 2000 cycles 

O 

in their cell designs . A systematic study of the problms 
associated with the system has been undertaken, The degz^datirai 
of the electrolyte has been studied and methods to avoid ceraialc 
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*1 j "I C 

Stainless steel cells were constructed in Piance"^ * 

and the break-down of the electrolyte prevented by controlling 

the rate of re-charge. !Ehis group has studied the mechanism 

of degradation of electrolyte, and gathered evidence to prove 

that magnesia additions and presence of contaminants resiilt in 

the reduction of life-time of the beta-alumina electrolyte^^. 

!I!his group has stanctordized a fusion ssrnthesizing method for 

beta-aliaaina electrolyte and has used electrophoresis to meike 

17 

thin, closed-end beta-alumina tubes 

In alternative approach to increase the operating life 

of the system is to decrease the working temperature and this 

20 

was tried in U.S.A. . by the addition of aluminum polysulfides 
to the sodium polysulfide melt. An electrode material with a 
melting point of 200°C was achieved. This also permits sealing 
with taflon. 

The Ford Motor Co,, seems to have solved the cycle life 
problem, as they have achieved a life greater than 2000 cycles 

O 

in their cell designs . A systematic study of the problems 
associated with the system has been undertaken. The degradation 
of the electrolyte has been studied and methods to avoid ceramic 
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cracks — by optinizationr of naterial conposition and 

pi pp 

fabrication * — have been developed. A 12 volt battery of 

24 tube cells, connected to give four parallel sets, each 
containing 6 cells in series, has been tested^. 2?he battery, 
designed for 250 ¥, was tested for 300 ¥ and ^ve peak power 
of 400 ¥ for short durations. A reversible capacity of 15 A-hr 
was found, compared to the theoretical capacity of 2CA-hr. 

The electrical performance of individual cells has been 
very encouraging. Cells designed to be identical gave variation 
in amp-hr capacity and internal resistance. Due to this 
unbalance, a string of cells in series shows a lose of 
performance. The sensitivity to unbalance is greatly reduced 
when cell strings are connected in i^rallel. 

More work is needed to improve electrolyte life and 
cell reliability before multi-kilowatt batteries can come into 
the market. 

6. COMPARISOH WITH OTHER SYSTEMS 
6 .1 AdTOntages 

The achieved or projected performance characteristics 
of some of the battery systems are shown in table 1.1. 33ie 
sodium-sulfur battery uses a moderately high temperature, and 
yet gives a high specific energy and power. The theoretical 
specific energy of the'* system is 762 ¥-hr/kg, compared to a value 
of 192 ¥-hr/kg for the lead-acid battery. It is believed, 
however, that a value of 330 ¥-hr/kg can be easily achieved for 
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Table 1,1 

Estimated Properties of Electrical Energy Storage Cells 


Cell Typical ResistiTity Cell Current Specific Specific Operat- 

TCTip. of voltage at density, Power BnerCT, i^ 

On Electrolyte discharge 4/Gn^ V/kg ¥-hr^g life 

ohm-cm. volts cycles 


Lead- 

acid 

40-50 

1.53 

2.1-1.46 

Ei-Ee 

0-40 

1.96 

1.3-0.75 

lli-Cd 

40-60 

1.96 

1.3-0.75 

Ag-Zn 

0-40 

1.96 

1.55-1.1 

Ag-Cd 

40-60 

1.96 

1.3-0. 8 

Li-Cl^ 

650 

0.17 

3.40 

li-Te 

450-480 

0.26 

1.79-1.67 

ITa-Air 

150 

3.58 

2.3 

ITa-Bi 

540-580 

0.44 

0.8-0.44 

Zn-Air 

25 

- 

1.4 

lla-S 

300 

5 

2.08-1.76 


0.01 

7-50 

4-33 

10-400 

- 

7-40 

30-35 

100-3000 

0,01 

7-44 

35-40 

100-2000 

0.45 

24-150 

8 

H 

1 

O 

€0 

100-300 

- 

20-66 

50-60 

500-1100 

1-3 

80-150 

530 

- 

2-5 

280 

180 

- 

0.07 

90 

350 

- 

0.5-1 

80 

40 

500 

- 

60 

o 

0 

1 

o 

o 

300-400 

0.7 

350 

330 

2000 
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practical syst^s while only 5—30 W-hr/kg is achievable for 
the lead-acid system. 

The system gives energy densities comparable to the 
high energy density syst^s such as lithium-chlorine, lAich 
re«5[uire a higher operating tempera ttire, and involve more severe 
materials problems. 

The system uses an impei*vious ceramic as electrol 3 rfce , 
hence there is no chance of diffusion of reactants through the 
electrolyte that would result in self— discharge. The cells are 
capable of yielding very hi^ current densities ( 400 mA/cm^). 

The batteries can be recharged at a high efficiency even at 
very hi^ charging rates, 

6,2 Tilm-f tat-i nrw 

The limitations of the system are summarised below: 

i) Hi^ tempera ttire is required for operation which 
'I 

necessiates use of a thermal shield. In case, a battery cools 
below the operating temperature, it has to be heated to a 
temperature beyond 300°C for restarting. Hence heating coils 
are needed in addition to thermal insulation for intermittent 
operation, and Idiese will increase the bulk of the system. 

ii) The internal resistance of the presently fabricated 
cells is high, and this limits the current density, 

iii) The most severe problem is the short life of the 
electrolyte in terms of the number of charge— discharge cycles. 

iv) 53ie durability of the seals and cathode current 
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collector under the working conditions is a limitation. 

y) Ceramics are sensitive to mechanical and thermal 
shock and thei»al cycling. 

vi) !Phe present designs of the battery are not safe 
and reliable. Breakdown of the electrolyte can cause mixing 
of the reactants and lead to an explosion. When used in 
mobile equiiment a calamity can occur in case of an accident. 
Thus the packaging of the battery is a challenging engineering 
problem , 

7 . OBERATIHG FEATOEtES 
7*1 Operating Temperature 

A number of factors must be considered in choosing the 
operating temperature of the battery system. To allow for 
large temperature excursions, the operating temperature should 
be m the middle of the available range, i.e., about 350^^0, 
considering 275°C and 444°C as the lower and upper limits 
respectively. With increase in temperature, the performance 
of a battery should improve, because the solid electrolyte 
resistance is lowered and mass transfer in the sulfur electrode 
becomes faster. A higher operating temperature would be 
desirable in view of the above. This is, however, offset by 
the fact that the corrosion rate increases with temperature. 
Thus, in order to achieve a reasonable life, the operating 
temperature must be kept low. Hence, until good corrosion 
resistant materials are found, the temperature of opea^ation 
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2 iust be limited to 300°C, 

7»2 Anode— Cathode Yol''jgse Clig-rtges 

Yoltme changes within a cell can take place because of 
a variety of reasons thermal expansion, depletion or creation 
of material and phase changes or product formation. Ihese 
changes must be accounted for in the design of a battery. 

Since the densities of sulfur and the sodium polystilfides melts 
are, nearly the same, about 40 percent increase in voliane takes 
place on complete discharge in the cathode chamber. On the 
other hand, the volonne of sodium decreases linearly with the 
depth of discharge and the incorporation of a porous wick can 
ensure that sodium is brou^t to the electrolyte surface. 

8. COMPOMENIS. THB SIMTE OF ART 
8.1 Electrolyte 

Pally et al^^ have shown that the presence of impurities 

and I5g0 additions are responsible for low cycle life. This 

group has therefore stande,rdized use of pure p-alumina. The 

Pdard Jfotor Co. claims to have solved the life-time problem. 

They have investigated ceramic compositions to optimize 

durability, ease of fabrication and electrical properties* 

On the basis of screening tests developed by them, the 

composition 9*25% 13^20 - 0,25 keen found 

21 

to he superior to all other compositions tested. 

* Covered by C.S, Patents (not available). 
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Presently discs with, resistivities of 4-15 ohm-cm. and 
cell life of at least 3000 hoiars with ciirrent reversal at 
0,2-0,25 A/cm*^ can he produced consistently in the laboratory. 

8.2 Carbon- Sodius Polvsulfide Electrode 

She conductivity of sodium-polysulfide melts have been 
23 

measured. The total cell internal resistance remains 
approximately constant over the ccmpcsition range S to 
Experiments have danonstrated that this electrode is hi^ly 
reversible with very hi^ exchange current densities®. 

Kieref ore , the reaction at this electrode is not likely to 
become the rate-determining step. However, the complex set 
of chaaical reactions, preceding and following the electron 
transfer step, combined with the high resistivity of sulfiir, 
may result in mass transport limitations. Experimental studies 
have demonstrated that these limitations may become significant 
depending upon the size and shape of the cathode. 

In the charging process, hi^er sulfides and sulfur are 
formed which subsequently equilibrate with the bulk of the 
sulfide phase by chemical reaction and diffusion until a 
sulfur saturated Ha 2 S^ melt is formed with any additional 
sulfur remaining as a separate phase. During discharge, lower 
sulfides are formed which equilibrate with the bulk of the 
melt and take up more sxzlfur, tintil the melt composition 
reaches the liquidus line in the phase diagram and the solid 
lagSg no longer dissolves in the melt* Establishment of a 
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sulfur electrode design capable of minimizing concentration 
polarization is necessary. 

8.3 Seals 

The life-time of a Ha-S battery depends on the 
durability of the seal used. In addition to being passive to 
the cell reactants and products, the seal must have: hi^ 
electrical resistance, thermal expansion coefficient approxi- 
mately equal to the ceramic, mechanical strength and ■ 
resistance to thermal cycling. 

Seal materials and techniques ^^sing a borosilicate glass 
frit are being developed for sealing electrolyte to the 
insulating ceramic. Polymeric adhesives, glass sealing and 
brazing have been used to seal the insulating ceramic to the 

O 

metal container , 

8.4 Container Materials 

Cheap, li^t-weight and corrosion resistant materials 
are required for containers. Corrosion studies have been done 
on possible container, backing electrode and connector 
materials. A ntmber of stainless steel and nickel base alloys 
have been tested and found satisfactory, as they form protective 
sulfide layers. Siese layers, however, give rise to a large 
resistance which is undesirable in the case of backing 
electrodes . 

Althotagh, the results so far obtained establish the 
advantages of the Ha-S battery concept, fiirther research must be 
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carried out "before a practical batteiy with sufficient life 
time and reliability can be built. 
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QSAFTm II 

szlz2ze::t of ms 2?x3i3;«: 

Hie primary aim of the preeent work was to investigate 
the possibility of using betai-alumina prepared in this 
laboratory for the fabrication of a sodiiam— sulfur cell# 
Concurrently , it was thought worth while checking which 
parameters are critical in determining the performance of this 
cell and idiat are the essential properties required of an 
electrolyte material to be used in the cell. Since other 
research groups have had problems associated with Ihe life-time 
of the high conductivity beta-alumina, a need exists for the 
determination of the amount of electrical conductivity that 
can be sacrificed to achieve improved performance regarding 
cycle life* Analysis of various battery configurations was 
taken up with this view. 
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CHAPISR III 
INALYSIS 


1. IHORODUCIION 

Several factors must be considered when applying a 
battery system to a practical application. 7qv mobile use, 
the factors are: performance, operational features, imj^ct on 
traction system design, cost, safety and dtirability. For 
stationary use, such as an energy bank, the overall bulk may 
not be a constraint but optimization of performance is still 
important • 

33ie performance of a battery depends upon the discharge 
efficiency and the discharge rate? Knowing the internal 
resistance of the battery and the dimensions, one can calci0.ate 
the performance of the battery i.e., the variation of energy 
density and power density with discharge time and discharge 
efficiency as parameters. Using internal resistance data 
obtained in the laboratory, these calculations can be done 
using a digital computer. Employing many relevant combinations 
of parameters, results can be used to determine interactions 
between component dimensions, operating conditions and cell 
characteristics . 

2. AgggMFflOHS 

In performing these calculations, the following 

assumptions have been made itnless otherwise stated. 

(* ' See ' appenStfx for definitions). 



i) Converaion to Ha 2 S^ is taken as lOOjf discharge. 
Energy released is caloulated from the free energy change 
associated with the formation of lag 3^. In practice the 
percentage utilization of sulfur is less than 100^. Ihis is 
more pronounced during the first few cycles ( ^& 3 %) and in 
tubular cells. 

ii) Ihe ionic conductor has a negligible electronic 
conductivity , so that the current efficiency can be taken as 
lOOjK. 

iii) !Ehe internal resistance of the cell is ohmic. 
Constant resistance is shown by cells upto a current density 
of 500 nA/cm^.^ (fig. 1.6). 

iv) Ihe cell internal resistance is independent of 
the state of discharge, (fig, 1.3). 

v) Ihe operating temperature is taken as 30O°C, 

35ie assumptions can not be true tinder all the operating 
conditions. It has been found n however, that assumption (i) 
is valid upto a current density of 500 mA/cm^, at least for the 
flat plate design, Por the tubular design the cell internal 
resistance has been taken as given by r = 0,5 + 5t (ohm-cn^), 
where t is the thickness of the electrolyte; because of the 
fact that the sulfur electrode resistance can not be calculated 
accurately because of the complicated geometry. For flat-plate 
cells the internal resistance r is taken as given by 

The labels used are defined below 
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The resistivity of sulfur electrode * € qq ~ ohia-<»a^ 

Pa = 5 ohm-CEi, unless otherwise specified. 

P 

*= thickness of sulfur electrode 
se 

t = thickness of electrolyte. 

The resistance of Ha/p-alunina interface has been neglected as 

51 

this has been proved to be negligible^ . 

5 . PEKPORMCB 

5.1 Average e.m.f, of a Cell 

The e.m.f, of a Hia-S cell stays constant at 2.08V 
upto a depth of discharge of about 60^ and then falls linearly 
to a value of 1.76V at lOOJt discharge, (see fig. 1-5). 

Hence the average e.m.f. 

« 0,6 X 2.08 + 0,40 (1.76 + 2.08) 

Stv 

ss 2#0l6 Vol'fcs # 
sur 

3.2 Energy Released in the Reaction 

The free energy change associated with the reaction can 
be obtained tising the Gibbs-Helmholtz eqn. 


at constant T, 
where P » 23» 


♦ order estima 


Q/nF = B - T('^) 
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n = 2 (as two electrons are transferred for the 
formation of one molecule of any phlysulfide) . 


Therefore Q 


2.016 X 2 X 23,070 


= 95.01 Kcal/nole 

or Q = 762.8 W-hr/kg of NagS^ (product) 

or Q = 762.8 x x 10"^ ¥-hr/gm of S. 


Therefore 6 


Q = 1.125 ¥-lir/gm of S. 


3.3 Discharge Efficiency 

let UB consider a cell containing m gms. of sulfur. 

(The corresponding amount of la for the product at 100^ 
discharge to be la 2 S^ is therefore m/2.1 gms). let the internal 
resistance be so timit when a cxirrent I is drawn the 

average output voltage is 


Power consumed in the load 

P = Ifv ] = 1(1 - R. I) 

o o-^ av in * 

Issuning a discharge time of T hours the energy conSTzmed in 
the load = ITlE^^ - R^l]. 

low, packed energy in the cell (based on mass of sulfur) ss 

mG(¥-hr) 

(where m is in gms, 5 is in V-hr/^a). 
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Amp. hours spent in the load and internal resistance = nG/l^^. 

^ ^ 

ixssummg a discharge time of T (hours) a-o-erage current = I = =f^ 


Power in the load = I.T 




H, mG 


or P = aS ' Sa ... -Ti r"" ’'! 

o -C"„t av e” f ■' 


Energy consumed in the load, 


R. mG- 




Discharge efficiency based on packed energy, 


Rin mG 


= 1 - 


T 

av 


Por a specific cell, 


= 1 - G/T 


R.. mG 


where C 


is a constant. 


To calculate the watt-hour efficiency of a cell in 
operation where it is charged electrically, the energy needed 
to charge to lOOjC charged state can be calculated assuming same 
internal resistance and charging time, hours. In a 
similar manner the watt-hr efficiency would be given by 
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In Na-S cells the current density dxiring charging is 
limited to a considerably lower value than that during 
discharging, because the life of the electrolsrfce is critically 
dependent upon the current density during charging. Here only 
discharge efficiency is considered because the energy lost 
during charging is not important, what is important is ’How 
much of the packed energy is usefully employed during discharge'. 
Hence 


= 1 - 


R. mS 
m 

T 

av 


( 1 ) 


will be taken as the parameter. 


Also as mO p, 

0 d 


m m * 


( 2 ) 


5.4 Specific Energy 


Specific energy is given by 


= V«’ 

x-here M is the total mass of a cell or battery. Here, the 
mass of accessories is not considered, and M will be calculated 
in terms of m, the mass of sulfur, which is dependent upon the 
operating parameters p^ and T, 

From eq. (l) 


m 


(1 - p^) T s; 




air 


• » • • ( la } 




Also 


(5) 
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Specific energy will now be calculated for tubxilar and 
flat plate colls, storting with the Binple case of a single 
tube cell, 

!I5ie proposed geometry of a single tube cell is shown 
in fig, 3.1. Let us assume: 

active tube length = I (cms) 
average diameter of the tube = d (cms) 
thickness of the tube = t (cms) 

and thickness of cell wall = t (cms) 

w 

4,1 Maes of the Cell 

The mass M of the cell is given by the sum of the 
masses of the various components. 

M = mass of sulfur + mass of sodium + mass of graphite 
+ mass of electrolyte + mass of outer casing 
+ mass of accessories (lea.ds, seals etc.) 

The mass of the accessories will bo neglected in the computation, 
as this will not cause much change in the performance. For a 
practical system, other accessories such as thermal insulation 
and heating coils are needed , and these must be accounted for 
in estimating the performance. 

Eic. raesDS of the variots components nra calculated in 
terms of the mass of sulfur, m. 








If 




i W- 

i 


1 } 


0 
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a) Sodixm 

To maintaxn constant level of sodiun xn the tube 
wxth discharge, some excess sodxitm must be taken xn the 
reservoir 

Ideal mass of soditm = ra/2 1 (gms) 

= 0 476 m 

Volnme of electrolyte tube = x d x I 

Therefore mass of excess sodim = 0 88{n x d^ x L/4) 

2 

Total mass of sodium = 0 476 m + 0 692 d It 




Volume of ^-alumxna 


It d L 1.05 t 
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(Assuming % extra length pnd neglecting the h^se cf the tube) 

Mass of Electrolyte = 32x7idI(Xl05t 

10 a L t 

a) Stainless Steel Case 

Knowing the volume of the cathoae (0 818 m), the 
aiameter of the cell case is founa to be given by 

D = (1 043 m/L + 

Using 7 75 gm/cc as the density of the stainless steel, the 
mass IS given by 

mass of case = 7 75 n U t U 

w 

* 24 35 I* t^ B 

w 

Neglecting the mass of the insulating separator, and 
knowing the mass of soditoa to be contained £= m/(2,l x 0*88)] 
the mass of the sodium tank can be calciilated 
fflie overall mass of idle stainless ssteel 

« 24 35 Ir t„ B 4- 2*165 t„ m/B 4- 12 2 t B 

W W rf 

Taking the sum of all the masses , the overall mass of 
the single tube cell is given by 

M = 1 55 m + 0 692 d^ 1 + 10 d L t + 24 35 t^ B 

+ 2 165 m/B + 12 2 . (4) 

where B = (1*043 m/L + 
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4 2 Internal Realatance of the Cell 

IThe internal resistance will be assumed to be given by 

= r/irea ♦ (5) 

where r = 0 5 + 4 t 
and Area = n d t 
4 5 Eesults 

Taking the following data, the specific energy of the 
cell is calculated as a function of the various parameters, 


using eqns (l) - (5) 

Tube diameter, d = 1,0 cm 

Cell wall thickness, t^ = 0 04 cm 

Effective length, 1 = 15 0 cm 

Electrolyte thickness, t » 0 1 cm 

Discharge time, T =1 hour 

Discharge efficiency » 0 75 

Electrolyte resistivity , P = 4 ohm-om 


The performance is shown in fig 5 4, where variation 
of the specific energy with electrolyte thickness, wall 
thickness and discharge time has been plotted Fig 5 5 shows 
the performance with variation in discharge efficiency and 
electrolyte resistivity at thicknesses of 0 1 cm and 0 2 cm 

S MDIfTITUBE PELL 


ISae proposed geometry of a mtiltitube cell is shown in 
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fig 3 2'*' Some further assianptions made in this case are 

i) The cell case cross-section is taken as a square, 
which has the minimum perimeter for a given area The side of 
the square is Qust large enough to accommodate fM tubes with 
clearance 

ii) The minimum clearance between the electrolyte tubes 
is taken as 0 2 cm and that between tubes and cell walls as 
0 1 cm 

iii) The sodium reservoir is assxamed to consist of a 
3 mm thick, a-alumina tank, with the p-alumma tubes sealed to 
its base 

iv) Dead sjace at the bottom and the accessories are 
again neglected 

Proceeding as in the single tube case, the overall mass 
of the cell is given by 

M * 1 55 m + C,6908 M(d^ - 2t)^ + 7 75 \ 

IA(4D + A)] + 2 56 m/A * (6) 

where the tank dimension is 

A = P + 0 785 (7a) 

The clearance between the tubes is 

o a A/yif - 

In case c turns out to be less than 0,2 cm (using eq (7a)), 
it IS taken as 0,2 cm and correspondingly the expression for A 
gets modified to 

^ kefer to this diagram for ncmencla’fcure 
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A = (dt + 0 2)fir (713) 

The internal resistance of the cell is 

\n = (5 t + 0 5 )/H 7t d^ 1 ( 8 ) 

Using eqns (l) - ( 5 ) and ( 6 ) - ( 8 ) the performance of a 
mtiltitube cell has been evaluated and is shown in figs 3 6 
and 3 7 The data used are given on the diagrams 

6 DISC TTPE BATTERY 

Disc type geometry can result in a high voltage and 
higii rate battery A acliematic diagram is shown in fig 3 3 
In this case, the electrode geometry is clearly defined and the 
variation of the sulfur electrode resistance can be allowed 
for As the sulfur electrode resistance increases, there is a 
small change in the resistivity of the electrode, this change 
IS neglected in the calculations that follow Again, the 
variation in resistance with the state of discharge is 
neglected 

The important component dimensions are electrolyte 
disc diameter, disc thickness and cell wall thickness, The 
thickness of the sulfur and sodium electrodes depend on the 
discharge efficiency and the discharge time and these two, 
therefore, have a marked effect on the performance of the 
battery 
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NomenclatMre 

Diameter of electrolyte disc 
!I3iicknesB of electrolyte 
Number of cells 
Thickness of cell wall 
fflaickness of bipole 
Thickness of end plates 
Thickness of sulfur electrode 
Thickness of sodium chamber 


= D 
=: t 
= N 

= = 0 04 cm (acscmed 

= ■‘ep = ° ^5 cm (acsumcd 



6 1 Total Mass of the Battery 

The masses of sodium and graphite resiain unchanged in 
terms of the mass of sulftir, therefore, as in the earlier cases 


mass of sulfur per cell = m 

mass of sodium per cell = 0 476 m 

mass of carbon felt = 0-0695 m 

2 

Mass of electrolyte = t 3 2 = 2 51 D^t 

In order to calculate the mass of the cell wall, its dimensions 
should be known, t^^ and tj^^^ should therefore be known 
Volume of the cathode chamber = 0 818 m 

or * X*019 m/D^ 

■‘^Na * 


Similarly 
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The overall length of the battery = ^Fa 

Taking the assumed values of tne cell bipole and end 
plate thickness and assuming stainless steel as the material 
used, the total mass of the cell can be calculated as 

M = H[1 523 m + 2.51 3>^t t 24 4 ^(1580^ 

+ 0 689 m/D)] + 1 581 (10) 

Computation of t^^ follows later 

6 2 Internal Resistance 


The internal resistance per cell is 


R 


^ - 0 2) f, 


ae 


ae 


in 


% D^/4 


because with t_^ ^ 2 mm, the sulfur electrode shows negligible 
a & 


.12 


resistance 

iissming 


ss 5 ohm-cm 


and = 10 ohm-cm 


se 


at a working temperature of 300°C, 




» £_2£ 


when 


*SB 4 °-2 


.( 11 ) 


6 3 Sneoifio Ikiergy 


Put an N cell stack, the energy output is given by 
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m G R 


/ = ffi G 1?[1 - . 

o T 

av 


in- 


m G N T}^ 


( 12 ) 


wliere m, and are per cell quantities 


Using eqns (9)-(l2), considering only positive sign in the 
solution of the quadratic equation, ? 

,2 


tge = 0 1 - 0 4)^ + 1 57d(l - tj^) —^3^ 


(13) 


If eqn* (12) yields t^^ less than 0 2, t^^ is put 
equal to 0 2 in further computation Using eqns, (3) and 
(10)-(13), the specific energy can now he ccmputed with the 
variation of different dimensions and parameters !Ehe 
performance is shown in figs, 5 8 and 3 9 ®ie data used is 
listed helow 

D = 15 <m 

t 0 2 cm 

t = 0 .08 cm 

w 

T = 1 hr 

= 0 80 


7 PRBI-TMTWAPY PBSIGH op a GBSBEAL PTSIPOSS VEHIGLB Bit-IfTBRY 
7 1 General Requirements 


(Ehe battery of a general purpose vehicle must be capable 
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of sustaining the car at 60 m p h for about 200 miles and 
provide peak power to accelerate the car from rest to 60 
m p h in less than 15 seconds This acceleration require- 

ment requires about 90 kW from the battery At 60 m p h the 
traction motor would require about 20 kW (Hierefore, the 
minimxm requirements for a battery would be 20 kW and 20 k¥- 
hr (for 60 miles range) and a peak power of 90 kW Design 
considerations of the power processing and traction machinery 
suggest an 0 C V of 240 7, and a minimum voltage of 150 V 
will provide a good compromise of li^t-weight motors and 
po\^er processors and hi^ system efficiency 

Discharge time « 20 kW-hr/20 k¥ = 1 hr 

I peak « 90 X 10^/150 * 600 A 

, * Resistance of the battery = . ^4Q . ^^^ i lr50 0 150 ohm. 


Using this value of resistance and a power of 20 k¥ in the 
load, the battery voltage and curr^t must be 225 T and 100 A 
respectively Taking 400 mA/cm* as the operating current 
density, the required surface area per cell would be 

250 cm* 


IQO 

400 


Number of cells required 


240 


2 016 


= 120 


7 2 Masses of Reactants 

(Bxe ideal energy density of a Sciibum— Sulf uT cell is 
0 762 k¥-hr/lsg. In view of this, the ideal mass of 
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products 

“ 0 ^ 7^2 ~ 

Mass of sulfur = x 26 = 17 55 kg 

Mass of sodium = x 26 = 8 45 kg 

In practice, an energy density of about 200 W-hr/kg can be 
achieved, hence the overall mass of the battery would be about 
100 kg 

7 3 Pissimtion 

Ihe ohmic losses dissipated during cruising are 
(240 - 225)100 = 1 5 kW 

In addition to these losses, there is a loss of about 

880 - 750 130 W-.hr/kg of 

* Heat loss due to entropy change 

= 130 X 26 = 3 38 kW 

Therefore total heat to be dissipated = 15+3 38 = 49 ktf 

Hence the cooling system must dissipate about 5 kW at 

300°0 

8 DISCUSSION 

Prom the ccanputed performance, the effect of the 
component dimensions on the specific energy can be seen to be 
quite large Ihe effect of discharge time and discharge 
efficiency is, however, more pronounced But these are 
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governed by the application for which the battery has to be 
used Therefore for a particular application, the component 
dimensions muBt be optimized The electrolyte thickness is 
the most critical factor for a tubular cell, as shown by fig 
3 4 

Tig 3 6 shows the performance as a f-unction of tube 
diameter with number of tubes as a parameter (the curves are 
accurate only for large N, and H = 1)* From these curves an 
optimum value of tube diameter can be found to be 1 cm for a 
single tube cell and 0 75 cm for a 100 tube cell, under the 
conditions specified The performance improves as the nimiber 
of tubes per cell increase 

The sensitivity of the performance to tube length is 
very small beyond a length of about 10 cm as shown for a 100 
tube cell in fig. 3 7. 

In flat plate batteries, the performance improves with 
increase in the number of cell as expected (Tig 3 8a) ffltte 
specific energy is optimum at a discharge efficiency of 0.8 
for a 12 cell stack (Tig 3 8h) With this efficiency of 0 8 
as a fixed parameter and a discharge time of 1 hour, the 
performance of a 12 cell battery has been calculated, and is 
plotted in fig 3 9 The electrolyte thickness is again found 
to he the most critical factor A thickness of 0 2 cm has 
been taken as the datxam because battery plates of large diameter 
and very small thickness are difficult to fabricate, and may 
break due to mechanical shocks 
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In all the above mentioned computations, the electrolyte 
re&istivity was taken as a constant Ihis was varied in the 
case of a single tube cell and the sensitivity of the perfor- 
mance to electrolyte resistivity is shown m Fig 3 5 for two 
electrolyte thicknesses, one very small, 0 02 cm, and the 
other 0 1 cm It is clear that as long as the variation is 
not very large (order of magnitude), the specific energy does 
not change much In fact , the performance is more sensitive 
to electrolyte thickness rather than to electrolyte resistivity 
An electrolyte which has better mechanical properties 
and thus can be used in the form of very thin tubes or plates, 
need not have a very high conductivity in order to give good 
performsnce Hence, for a candidate electrolyte material, the 
mechanical properties and electrical conductivity can be 
adjusted (by varying fabrication or ccMposition) to optimize 
performance 
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CHAPT2R IV 

SOLID BLEOmOD/TB ilB€BRi.KB 


1 1 general 

Ihe solid electrolyte membrane is the critical 
component of the sodium-Bulfur cell, and most of the 
research has centred aroiind developing it The reqxnrements 
of a membrane are stringent, good ionic conductivity, liigh 
electronic resistivity, impermeability, and reasonable life 
in use are essential properties 

Originally Ford Motor Co examined glasses of the 
soda-alumina-silica system Mo glass composition was found 
suitable and during investigation, a crystalline material 
beta-alumina was encountered (Beta-alumina is not a form 
of Al20^ but a sodium aluminnte)* ISie compound and its 
structure were known, but its high ionic conductivity had 
not heen discovered Beta-alumina was found to have the 
sought after properties 

1 2 Bmpi-ncal Formula and Synthesis 

p-alumina has the empirical formula Ma20 llAl20|j and 
when first named was thought to be an isomorph of AlgO^, 
since the presence of soda was ignored or undetected later 
work proved the necessary presence of soda and the empirical 
formula mentioned above was a result of X-ray work In 
reality, the ocaspoimd is massively defective and contains a 
larger amount of soda than that indicated by the empirical 
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fonnula Another compoimd designated p -altunina, with an 
empirical formula ¥a20 5Al20^, also e'^ists in tho iia20-Al2^5 
system 

p-aliMina can be formed by heating Ea 200 ^, with any 
one of the modifications of AlgO^ or its hydrates, to 

1500°G Heating to 'x/ 1100^0 results in p -alxaaina, which 
converts to p-alumina and sodium alummate at 1500 G 
It IS necessary to stabilise p -alumina to make it sinterable 
This can be done by the addition of Above 

1400'^G, beta-alumina has an appreciable vapor pressure of 
Na20, which leads to its decomposition to a-alumina Because 
of this, precaution must be taken m the synthesis of beta- 
alumina to prevent soda loss to the atmosphere The Ford 
Motor Co has used sealed platinum containers in which IfUgO 
atmosphere is maintained, to sinter Al20^-Wa20-Ii20 compositions 
et a temperature around 1580^0, to get compositions nominally 
designated as p-Al20^ Na20 SAlgO^ ^ Densities nearing the 
theoretical densities (5 25 gm/co) have been achieved 

1 3 Crystal Structure 

p-alumina has a hexagonal layer structure, with the 
lattice constants a = 5 59 A^ and c = 22 53 A (fig 4 1) 

The ISTa ions are situated only m planes which contain, in 
loose packing, an equal number of Ha and 0 ions (fig 4 2)* 
These planes are 11.27 A^ apEsrt and are perpendicular to the 
Q_g^3rj_^g ]getween these sodium ion containing layers, there 
ere four close-packed oxygen layers with appropriate A1 ions 
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in both octahedral and tetrahedral holes !I!hese close-i».cked 
blocks are sometimes referred to as clcckc' because 

of their Similarity to spinel structure 

The spinel blocks above and below tho Ha ion containing 
I'^yer are bound together not only by the sodium ions, but 
also by Al-O-Al bonds, giving rise to a rigid framework 
Extra positions are available in the sodium containing layers 
for atoms in addition to the number given by the ideal 
empirical formula 5 he excess sodium ion concentration is 
probably neutralised by aluminum ion vacancies 

%0 stabilized p^^-alumina, having an ideelii&ea formula 
Ha^MgAl^^QO^,^ (HagO %0 5Al20j), and Ei^O stabilized ^llgO^ 
Ha20 6Al20^ have rhombohedral structure Ihat is very 
similar to the siructure of hexagcual p-^alumlna, except that 
the c-axis is 1 5 times as large# 


1 4 Ionic Conductivity 


Consideration f the crystal structure of beta-alumina 

leads one to tho conclusion tnat the diffusion of Ha"^ ions 

in this material can occur two dimensionally, in a pl'=>ne 

“f 

perpendicular to the c— axis , and a motion of the Ho ion m a 
dxrection parallel to tho c— axis can not take place (Ehis 
has been confirmed by experiments ^ 

The sodium ion containing planes are loosely packed, 
with sodium xons randomly distributed over sxtse, whose nuaber 


IS larger than the nvsaber of available io ns, 
ion does not have to wait for anothen si 
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before it can 3 imp Hi© sodiiin ions stq tinis in a quasi- 
liquid state Tbe conduction is therefore a two-dimensional 
counterpart of the conduction exhibited by the other classes 
^f 'super ionic conductors vis the allcali metal silver 

halides and defect stabilised ceramic oxides of the fluorite 
structure ^^*^5 

Ihe variation of electrical conductivity with temperature 
for beta-alumina single crystal and poly crystalline phases is 
shown in fig 4 on a log of vs l/l plot (The higher 
conductivity of ^'"-alumina may, in part, be due to difference 
in soda content between ^ and p-alumina, and the difference 
IS the structure of la"^ containing planes fhe conductivity 
of the polycrystalline material is lower because tne conduction 
IS anisotropic and averaging takes place when crystallites 
are randomly oriented Poly cry stall me p”-alumina has much 

larger conductivity than polycrystallme p— alumina and was 
therefore preferred for use as a solid-eloctrolyte in the 
soditun-sulfur cell The electron transfer number of heta- 
alumina is nearly unity 

1 5 Ion-exchange Properties 

The sodium ion in beta-almina can be readily exchanged 
with numerous ions from molten salts ^ The monovalent ions 
that have been incorporated into the structure arc i:'*', 

Ag"^, Rb***, 

Ra p-alumina has the highest ionic ccnctoctivity out of 


all these 
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2 SCREBSTING OP !mE BLBgIROLYTB 

The power and eneigy requ-iren^^nte of a sodiian-siilftrr 
battery critically depend on the Ionic and electronic conduc- 
tivities of the solid electrolyte Prolonged olectrol^te 
life requires resistance to crack formation during charging 
Density, permeability, electron transport number and ionic 
conductivity tests, and mechanical strength tests after 
passage of current through it, are necessary for screendLng a 
material for the battery use 

2 1 Ionic Conductivity Measurement 

The ionic conductivity of the highly conductive 
solids is very difficult to measure because of the problem of 
polarization at the electrodes One way to avoid polarization 
IS to use a reversible electrode, such as liquid sodiina, for 
the measurement of d c conductivity in beta-alimiina It 

IS a common practice, however, to use a c at a frequency 
oust large enough to avcid polarization i i o frequency st 
which the frequency dependence of conductivity disappears 
With Silver paste electrodes, a frequency m the MSz range 
IS needed to avoid polarization in la 

Different electrodes used are lis "bod 
i) Indium, at 500 KHz and 25^0, for single crystal^ 

11 ) (a) liquid sodium, at 1592Hz, 300°C, on sintered 
materials 
(b) Fa/Hg amalgam 


* See fable 6*6 fer details. 


ill) (a) Ag paint 

(b) evaporated 

iv) Au (eTaporated) 50~300°C 
v) Pt, at 800 KHz^° 

Vi) MO^ (liquid) 320~400°G 

vii) HaNO^/NaFOg + Pt, 250-350°C 

viii) Aqueous 5M laHO^, 30-80^0 

ix) Ttingsten bronze, d c , -150°G-800®C 

x) Evaporated aluninum contacts^^ 

Hi^ frequency of tbe order of 1 Ifflz is necessary with 
blocking electrodes A lower frequency can be used with 
liquid electrodes With timgsten bronze electrodes, which are 
both lonically and electronically conductive, and exhibit 
reversible behavior, a large temperature range can be covered 
without occurrence of polarization 

®ie electrode blocking problem has been solved by 
Jlitoff^® and Pally et al^”^, by the use of four probe method 
This technique permits accurate determination of bulk 
conductivity when contact impedances approaching values as 
high as 10 ohms are present low voltage a c current 
probes allow flow of current through the sample 4‘ithout 
providing a separate source of ions at the electrode Low 
frequencies are preferred because high frequencies can 
capacitively by-pass gram boundary resistances A frequency 
of 20 Hz (triangular waveform) was used by Mtoff with 
cathode sputtered Pt electrodes, and a frequency of 1 KHz 
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was used "by Fally et al wath. Pt or Ag paste electrodes 
Ad. electrical screening procedure should be fast, 

Simple and amenable to quick checking of a number of 
samples Eie test should be accurate and require simple 
auxiliary equipment 

2 2 Study of Degradation 

The life of the sodiim-sulfur cell is almost 

invariably terminated by the failure of the solid electrolyte, 

due to crack formation d'uring prolcmged charging It has 

been found that damage is initiated only act sites where sodim 

ions are converted to sodiimi atcras At pre-existing surface 

cracks dendritic growth of sodium starts and advances into 

the electrolyte fhe presence of metallic sodium has been 

confirmed by taking scanning electron micrograifcs of 

fractured surfaces , and a plausible nechamsOTi of 

17 21 

degradation has been suggested * 

The molten sulfur aind the sodium polysulfides have 
been found to have complete chemical compatibility with 
beta-alumina Hence, for studying of the degradation of the 
electrolyte, the actual life determining conditions can be 
simulated in a electrolysis cell or a Ka/electrolyte/jffa 

cell From the sodium-sodium cell informaticm reg^irding the 
interface properties can also be obtained 
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CmAFTM T 

EXPERIMBITAI. HtOCEDURB 

1 PABRIQATIOJf OF MiTERIAl 

The detailed procedure for powder preparation, doping 

5? 

and sintering is given by Ray"^ Identification of tlie 
resulting phases has also been carried out by him Only a 
brief outline is included here for completeness 

1 1 Powder Preparation 

(a) p-alumina HagCO^ (AH) and AlgO^ (Alcoa) were 

iised as the starting materials for the preparation of p-altnaina 
(as also for —alumina) A eutectic composition of tlie two 
(36 mole % Na^O 64 mole ^^AlgO^) was intimately mixed under 
extra pure acetone, and calcined at llOO^'C for 4 hours. Bie 
reaction product was thoroughly mixed and subjected to an 
electric arc Por thxs^ th.e powder was heaped on an alumina 
plate and enclosed by an almiina ring to prevent it ±r(m 
flying away After fusing an appropriate amount, the torch 
was removed to allow the fused mass to solidify cpiichly This 
fused mass was crushed, ground to a fine powder , then leached 
with dll HCl, and washed to rraaove any RaAlO^ formed The 
resulting single phase p-alumina as determined by X-ray 
diffraction was dried and stored in a dry atmosphere 

(b) MgO Doped p— alumina 2 wt if HgO and 3 wt if Na^OO^ 

aa?e added to the p-alum±na powder obtained by fusion and the 

mixture heated at 1200^0 for 2 hours The product was then 



pelletized and heated at 1400^0 for one hour xn a platintmi 
crucible [These pellets rfere later crushed, ground and 
leached to yield 1 25 wt % EgO doped p-alumina 

(c) MgO Stabilized p "-alumina AI2O5 and lla2C0^ were 
mixed along with rarying amounts of ffeO and prereacted at 1100*^0 
for 4 hours [Ehe reaction product was homogenized under acetone 
and pelletized in a steel die at 5000 psi [The pellets were 
heated at 1350°G for 3 hours and then crushed, leached and 
ground to fine particle size [Ihe resulting material was 
found to be stabilized -alumina powder 

1 2 Pressing 

[Hie powders were ground to a finer size, under ethylene 
glycol, using a power-driven alu mi na morter and pestle After 
grinding for about 7 hoxirs , ethylene glycol was removed by 
repeated washing and filtration Bie powder was dried at 
30©°C for a few hours [Hie remaining ethylene glycol serves 
as a binder during pressing Pressing was done using steel 

/ tmf* // 

dies, and a hydraulic press Discs of 1/4 , 3/® and 1 diameter 
were pressed under pressures upto about 40,000 psi and then 
heated at 300°C for several hours to remove the organic 
matter 

1 3 Sintering 

[Hie sintermgwas carried out under coarse p— alumina 
powder, in alumina crucibles [Ehe discs were presintered at 
1400°C for 1 hour and then fired in a Zirooa pot furnace. 
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The temperature was maintained for 4 hours at 1700°C, (as 
measured by an optical pyrometer focussed on the top of the 
muffle that was used to cover the crucibles) The discs were 
taken out at about 150*^0 and transferred to a vacuum desicator 

1 4 Density 

Very little shrinkage occtirred during sintering and 
the resulting firdd densities are low compared to the 
theoretical density of p-alumma The densities of the 
Sintered specimens, for the various starting compositions 
are shown in Table 5 1 


Table 5.1 

Fired Densities of Various Compositions 

j -1 5 

Symbol {Nominal Formula {wt % Components {Fired 

{ {NaoCO- MgO Al^O^ {density 

- ■ * . t J _ _ CD . 1 . . 

n 

P -alumina 


A 

1 l^Na^O 1 0%0 5Al20^ 

17-88 

6 02 

76 1 

2-55 

B 

1 13Na20 0 84MgO 

18 05 

5 15 

76 8 

2 50 

C 

1 13Na20 0 69MgO 5 AI 2 OJ 

18 22 

4 25 

75 29 

2 40 

P -alumina 





D 

pure p-alumina 

56 

(used 

- 64 

for fusion) 

2 8 

E 

1 25MigO doped p-altanina 

2 % l%0 added 

to D 

2 4 
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2._ CONDUCnvIinr MSiLSTIRBMBga? 

Two electrode systais were used to measure the 
conductivity of the heta-alumma specimens (l) The silver 
paste system was used with dia pellets in the tiMipea^ature 

range 200-350^0 (2) Bie molten HaHO^ electrode system was 

used with 3/8^^ pellets in the temperature range 320-4'00°C 
The discs were polished, first with diamond file and then with 
fine beta-almina powder !Ihe silver paste was applied in 
two successive thin layers, with baking at about 150^0 for 
2 hours, and was found to adhere satisfactorily A quartz 
sample holder (fig 5 1), was used for resistance measurements 
in air Platinum leads were used to make contacts with the 
silver paste, using a spring-loaded alumina rod to press the 
flattened ends of the Pt wire against the i»g paste The Pt 
leads were connected through a co-axial cable to the meastiring 
bridge 

For the liquid electrode measurements with the 

beta-alxanina discs were sealed to p 3 rrex glass tubes, using 
*Autostic' (Oarleton Brown ltd., England), an alumina-based 
cement, which does not react with the molten salt and has a 
negligible electrical conductivity Ihe cell used — shown 
in fig 5 2 — was placed inside a tempeiuturs controlled 
electrical resistance furnace for measurement Pt leads 
dipped in the melts were used as contacts £toiall |®,ds of 
carbon felt were put on either side of the disc The Pt 
leads were connected tlufough a very short coaxial cable to 
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the measuring hridge to reduce lead impedance 

Greneral Radio 1606-A r f bridge was \ised together 
with a General Radio type 1211-C titdtfc oscilator for resistance 
measurements at 1 fflz BSl RU 536 Cd receiver was used as 
the detector !Siis detector has a beat frequency oscillator 
that converts r f into a f ©le output was fed to a loud- 
speaker and a cathode ray oscilloscope in order to get a 
sharp null 

General Radio 1650 Bridge along with General Radio 
1210-C R-C oscillator and type 1232-A tuned amplifier aiod 
detector was used to measure resistanceat other audio 
frequencies (200 Hz to 20 KRz) The cells were placed inside 
a Kanthal heated furnace whose temperature was controlled 
within + 0 5^0 by a leads and Horthrup KLectrooax Controller, 
Effort was made to keep the meastiring chrottel-aloamel 
thermocouple as near to the sample as possible Reproducibility 
of measurments was checked by making measurements both during 
heating and cooling 

5 SODIPM/SOIIUM CELL 

3/8'*'' discs of coaposition B {1%0 stabilized ^ -alumina) 
and B (pure p-alumina) were used for these experiments 5he 
discs were polished and sealed to a pyrex glass cell shown 
in fig 5 5» using ‘Autostic' Both limbs of the cell had 
timgsten leads sealed to th®B ®ie assembly was checked for 
le^s under vacirum, upto 50 micro®:* Soditm metal, covered 
with liquid paraffin was transferred into boldx limbs of the 


I 








f * 
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U-tube cells and then washed with benzene Both limbs were 
immediately evacuated simultaneously and sealed after heating 
the cell to about 500°C using a heating tape Since no att^pt 
was made to purify the sodium before sealing, it should contain 
dissolved oxide 

!Phe cell was placed in a temperature controlled electric 
f\irnace Using a copper wire the leads were connected to the 
General Radio 1650 Impedance Bridge Since liquid soditm 
does not ireadily wet the discs, a time lapse of about 6 houi^a 
at^575°C was allowed for this !Bie 1 KHz resistance was taken 
at 1 hour intervals after the temperature reached 550 0 
After the wetting took place, d c and 1 KHz resistances were 
measTxred in the temperature range 200-3150^0 At two temperature 
VIZ , 350°0 and 300°C, the resistance and senes capacitance 
of the cell were measured as a function of frequency from 
200 Hz to 20 KHz and at 1 MSz, 

4 MO 3 EBECmOLYSIS 

A 1 in diameter polished disc was sealed to one end 
of a pyrex tube usiiag ’Autostic* A grajhite felt pad was 
placed inside touching the disc, and a lead wire kept in 
contact with the felt I!he tube was evacuated, filled with 
Argon at low pressure (1000 micron) and then sealed Bbds tube 
was dipped in a molten sodium nitrate bath at 3:^0°C, held in 
another pyrex vessel in thich a stainlea® steel electrode 
was dipped (fig* 5 4) Blectric current was passed using the 



NaNO, side as the cathode A 6 5 d c. power supply in 
conjunction with a senes resistance 'i-as used as a source 
The voltage across the p-alumina sample was kept less than 
3 volts, because electrolytic decomposition of p-alumina itself 
might occiir otherwise At first the carbon felt did not make 
a good contact and currents of only few milliamperes could he 
passed After some time, the current increased gradually and 
was fixed at 20 mA by controlling the applied voltage After 
passing a considerable charge throu^ the cell the inner tube 
was weu-ghed to check for any increase in mass The total, 
auaount of charge jessed was also noted 23ie tube was later 
broken and the disc examined to see any mechanical or visible 
degradation 

q Fa/S CELL 

A 1 in diameter disc of composition B was sealed to a 
pyrem glass tube by means of ’Autostic* This tuoe was 
Sealed to an outer ^ass vessel Tuiigsten lead were sealed to 
both compartments usihg glass to metal seals (fig 5 5) TSxe 
cell was filled with 4 gms of Wa and 10 gjas of sulfur, sealed 
and tested for the e m f developed 
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CHAPm 71 

RESULTS MU BISCUSSIOH 

Proper electrical characterization of a solid 
electrolyte can he carried out only on a dense ceraiaic, preferably 
composed of a siaagle phase As shown in Table 5 1» the present 
samples have densities ranging froa 2 4 to 2 8 gms/cc, cc®pared 
to a theoretical density of about 3 2 gms/cc In addition to 
this relatively low density, these samples were foimd to contain 
phases other than p and p” aiumina Hiese factors should be 
expected to affect their electrical behavior and shoxild therefore 
be kept in mind in the analysis of the electrical data 

1 COHLUCTIVITY MMSURBMBE!I}-~dlBSULT3 

1 1 Silver Paint Electrodes 

Resistance measurements at 1 BEz, in the temperature 
range 200 - 350°C, were carried out with the five sample 
compositions A through B, using silver paint electrodes She 
results tabulated in (feible 6*1, have been plotted in Pig 6»1 
as a log a vs l/T plot Using the Arrhenius relation 

Oj » or^ e3cp(- B/RT) 

where Og, = electnoal ccnduetivity at temperature T, 

Oq = pre«e?i^nential :^tor, 
and E = activation 

the activation energies (E) have been calculated tvm the elopes 
of the plate and have been included in table 6*1* 
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laTale 6,1 

Conductivity Data with Silver I^te Slectrodea 

f = 1 


Sample 

Specific conductivity c, 
Temp °C 200 225 250 275 

10“3 

500 

325 350 

Activation 
energy 
kJ/mole 

A 

8 0 8 5 9 4 11 4 13 5 16 0 17 7 

17 0 

B 

3 2 4,6 5 4 65 

8 0 

9 0 10 9 

19,2 

C 

2 8 3.6 4 1 48 

5,7 

6,4 6 5 

15,9 

D 

1,3 1 5 1,7 2,1 

2.4 

2.6 3,5 

14 5 

B 

172126 ”3^1 

3,2 

3 7 4 5 

15 8 



TaBle 6,2 

Conductivity Data for MaHO^ 
f = 1 JfflLz 

Electrodes 


Sample 

« ““I 

Specific conductivity o, 10 (otan-aa) 

Temp °Cj^320 540 350 360 580 400 

Activation 

energy 

kJ/mole 

A 

65 1 75 0 79 0 85 90 

100 

16.5 

B 

60 70 75 75 78 

80 

14 0 

C 

58 61 64 7 65,5 70 

73 

13,5 

D 

28 31 4 32 55,5 54 

56,6 

13,0 

B 

72,7 78 80 82,7 85, 

7 86 

15,5 


< 4 ? 


I 




f 


4 ^ 


! 














""''Vfv^ 


■y 


t 




s 

■n: 
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1 2 NaNO^ liqiiid Electrodes 

Molten electrodes were tised for meeisiirBaent of 

resistance witE frequency in the range 200 Hz to 20 IsHz and also 
at 1 MHz at 350°C and 400^0 (Table 6 3 and Pig 6.2) In the 
measured frequency range, the conductivity increases more steeply 
in the lower frequency range than at hi^ frequencies In the 
case of sample D, the conductivity attains a constant valtie at 
10 kHz or lees where as for other samples, the conductivity 
increases slowly even beyond this frequency Thus indicates 
that, polarization effects are generally important at frequensi^ 
below about 10 kHz and become small or absent at frequencies of 
about 1 MHz* As a practical measure, the conduct ivitjfce® of alX 
the samples were measured at 1 MHz in the temperature range 
320 - 400°C (Table 6 2, Pig 61) The activation energies 
calculated from log o vs l/T plots (Pig 6 l) are included in 
Table 6 2 

The effective diameter of the pyrex tube was taken as 
the effective diameter of the sample The resistance of the 
cell arrangement with an insulating ceaent layer on the sample, 
was found to be about 50 kilo-ohm compared to the average sample 
resistance of about 20 ohms, and therefore the error introduced 
was neglected 

1*3 Lioijid Sodiim KLectrodes 

T hft resistance of the sodium/ fi-^a l ti m ina/sodiuiit cell is a 
function of the wetting of the ceramic by liqttfd aodim, which 
is a function of time and temperature. The reatstance variation 


T&ble 6 3 

Variation of Conductivity with ii:’eq.uency 
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.d 


Molten HaHO^ Blectrodes 


Saaple 


Conductivity a, 10 


(ohm-raa)'”^ 


freq.uency 

KHz ^02 1 


2 5 10 20 1000 


I) Temp* =» 550*^0 
A 
B 
C 
D 
B 


20 45.1 52 6 58.5 65 0 70.0 19*1 

- 58 6 47 0 52 0 58 0 60.0 75 2 

- 37 5 45 0 46 0 50 0 55 0 64.7 

26 0 27 0 50 0 31.0 51.4 31.5 

- 40.7 52 2 63 2 78.9 79.0 80 0 


II) Temp. « 400°a 

A 35 58*3 64 2 79.0 80.0 87.0 100-0 

B - 47 0 55 0 60 0 65 0 70 0 80 0 

Q - 44 0 50 0 55 0 60 0 65 0 73 0 

D 20 30 1 51 2 32 8 33 0 34 2 36 0 

48.e 57 5 64iO 72 0 74 5 86 0 


B 



74 


^0 tf I * > 


of a p*’ -almiaa (composition B) sample is shown in Fig. 6 3» 
as a function of time 53ae resistance was measured at 1 liHz 
at a temperatiure of about 375°C She condtictivity ts 
temperature for a pure p-alumina sample (D) in the range 
200-350*^0 measured at a frequency of 1 IsSz and with do is 
tabulated in OJable 6 4 and plotted i ?ig 6 4 Ibe variation 
of resistance with frequency at 300°0 and 350*^0 for pure fi- 
altmiina sample (P) is shown in Pig 6 5 and lable 6*5 

SerSfes capacitance of the pure ^-alumina sample was 
measured at 3O0°C and 350°C with frequency as a parameter fhe 
corresponding reactance values were calculated and plotted 
along with resistance values on an iapedano© plane to yield 
Cole-Cole type diagrams (Fig, 6.6)* Bi© diagrams have been 
completed on the low frequency side by ooining the value sf 
the lowest measured frequency with the value at d c Biie 
was done since measurements cotild not be carried out at very 
low frequencies, 

2 DISCU3SI0H OP COMDDCglVIirY RESIIDfS 

!aie results obtained with silver paste, molten sodim 
nitrate and liquid soditoa electrodes are discussed here in 
terms of (i) electrode systems, (ii) composition, (iii) 
temperature and (iv) frequency of measurement* lEbe liquid sodium 
electrodes were used only with a pure p-aliartaa sample (3))# to 
measure impedance as a function of frequency and temperature* 

5!he results thus obtained will he discussed in detail uhdar a 
separate heading* 
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tPa'ble 6 4 
Resistance 

tn-riation of Ha/p^-altaaina/Ha Cell with femperatnre 


Temp °C 

1 — T 
1200 s 

t 1 

4. t 

r 

225 \ 

1 

.1 . 

r 

250 j 

, • . 


T 

1 300 

1 

t 

T 

{ 325 

1- 

j 350 

I) f = 1 KHz 








R, ohms 

85 4 

60 2 

40 5 

30 8 

21 2 

16 5 

12 6 

cf X 10^ , ( ohm-cm ) 

2 24 

3 17 

4 72 

6 20 

8.75 11 60 

15 16 

II) D C 








R, ohms 

100 

75 

45 

34 

23 

18 5 

13.8 

3 —1 

a X 10 ,( ohm-cm) 

1 91 

2.54 

4 25 

5 62 

8.30 10 12 

13 8 







Table 6 5 

Ha-electrode Impedance I^ta wxth 
Frequency as a Parameter 

I) Temp = 300°C 


f, Hz 

id c 

t 

1 I 1 

J 200 i 500 i 
! ’ * 



Ik i 2k 
• 

, ^ -j , 

T — r 

{ 5k ! 

t t 

t t 

10k 

1 { 

5 20k I IM 

I i 

1 t 

R, Ohms 

23.0 

21 6 21,3 

20 8 26.5 

2Q.4 

20 2 

20 15 20 0 

Oe. 

- 

13 12 

x#x 

0 98 

0 90 

0 8 

1/wCg, ohms 

- 

612.3 265.3 134.9 72.3 

32 5 

17.7 

10 0 

11 ) Temp s 

550*^0 






R, Ohms 

13 8 

13 0 12 8 

12,6 12 5 

12 4 

12 35 12 32 12 3« 

°e< 


4 0 2 4 

13 11 

1.08 

1.05 

1 05 

l/wCg, ohms 

- 

199 0 132 7 132 5 72 4 

29.5 

15*2 

7*5 








■5 
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2 1 Electrode Svstemg 

The conductx'vxty values obtained with molten lalO^ 
electrodes are much hi^er (by about 5-10 times) than those 
with silver paste, (Eig 6 1) The values obtained with 
liquid soditaa electrodes are intermediate between the®® two 
HaEO^ and Ifa electrodes being liqiiids are reversible to a large 
extent, whereas the painted silver electrode is essentially a 
blocking electrode Uifferent electrode systems may give differe 
values of conductivity depending upon their nature 

Pigure 6 9 shows the results of conductivity Eteasurement 
26 

by Armstrong et al conducted on p-aluaina using molten 
molten » evaporated gold, sodium amalgam and aqLUso\is 

electrode syst^s^ The straight lines drawn are believed 
to represent the true conductivity vs, temperature relation 
The experimental values agree quite well at high temperatures 
but diverge from the line at lower temperatures The molten 
salt electrodes clearly give a satisfactory contact The 
evaporated gold electrode results give a straight line ifeLoh 
is parallel to and below the line for molten salt electrodes 
The aqueous NaKO^ results agree well with gold electrode data 
in the temperature range investigated The slope of the soditB 
amalgam results Is much larger at lower temperatures* ill these 
divergences from the straight line are smaller in the single 
crystal case than those In the poly<aryetallihe <mse* 

Other worhefa have also repotted different values for 
the conductivity of ^*-altQsim u«iag different eleotrode systeiss 
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over a range of frequencies and temperatures Sable 6 6 
summarizes tbeae resiilts 

Hie present measurements confirm the above mentioned 
facts for the three electrode systems considered Hie Ag paste 
measurements give lowor values than the lalO^ electrode 
measurements, but with the same slope. Hie liquid sodim 
electrode syst^as give intermediate values which fall more 
rapidly at low temperatures Pig 6 7 illustrates these facts 
for composition D» 

2.2 Oomnosition 

Hie conductivity of beta-^lumlna varies to a large extent 
with the variation in phases present, composition etc* fhe 
amount of sodium is, of course ^ a determining factor. Hils is 
evident from the single crystal and poly crystal conductivity 
data (Pig 4.5) 

The conductivity of p-alumina increases with HgO content 
ions go to the Al^^ sites and this necessitates the 
presence of extra sodium ions in the sodium conta ini ng planes 
for charge neutrality Thus any increase in ISgO content should 
cause a proportionate increase in the concentration of the 

16 2J 

moving species The effect of additions has been studied, * 
It was found that tlie increase in conductivity is not ppoporfcxosal 
to the amount of MgO added. 
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yal^le 6,6 

Conductivity Beaeiirenents on p-alinaina 


"fetcrial Electrode 

Prequency 

Hz 

a X 10^ 
(ohm-ca)* 

Temp 

-1 0^ 

Activation 

Energy 

kJ/mole 

Hef, 

Single 

crystal Indium 

500 k 

50i;5 

25 1 

11 1 

3,6 

II 

If 

285 

300 ‘ 



- 

- 

25 

25. 

14 0 

26 


-- 

355 

300 ! 



Na 

- 

78.5 

100 


34 

Na^WO* 

- 

14 

25 

15*8 

27 

Sintered 

diBo Jqueous 

511 

1 M 

1»84 

25 


26 

Hairqj^KO^ 

10 k-1 M 

28.5 

300 

- 

H 

Na 

d c 

4 5 

25 

- 

3 

Na 

d c. 

55 

300 

••• 

n 

Evaporated 

Ag 

0 75-10 k 

0 66 

25 


28 

MgO doped 
(1-4 pet ) '• 


3*5-4. 4 

25 

14 6 

It 

2 pet MigO 
oped Na 

1552 

36 

300 

13 5 

35 

%0 doped Ag 

1000 

125 

350 

16 0 

17 

MgO and 

2 r 02 doped ** 

It 

200 

n 

tt 

It 

Pure, 

P-aluraitta Na 

ao k 

62.5 

It 

* 

33 


06 


This suggests that seme other phencmenon is involved. Itohably 
heyond a certain liiait ions occui^ sites that are not 

occupied hy ions in the spinel blocks 

Por polyphase materials ccanprising of ^ and p" aliminas, 

the conductivity varies linearly as the percentage of p*' 

33 

increases Materials with other less conducting or non*- 
conducting phases shoiald show a fxurther deterioration of 
conductivity 

The pure p-alumina sample (D) shows the lowest conductivity 
of the series ^ple B, iduch contained 1.25 MgO has a hi^er 
conductivity , as expected Kie conductivity would have been 
much higher had its density been equal to that of sample D (1 
has 2 4 as compared to 2 8 gms/cc of P> The conductivities of 
p” -alumina specimens A, B and 0 are higher than those of pure 
and doped p-alumina, with the conductivity Increasing as the 
extent of doping increases feaple A with the hipest amount 
of MgO, shows a conductivity of 65 x 10*"^ (ohm-caa)”^ compared 
to a value of 58 x 10"^ (ohm-cm)*^ for sample 0 at 320^0 (as 
riGasuxed with th6 Glectrodes) At ths same toiiipai^tiiro 

the conductivity of pure p-alumina is 28 x 10“^ (ahm-cm)”^ 

The conductivity of p” samples thus is about twice that of 
p sample The conductivity should have been, however, about 
one order of magnitude larger on the basis of single crystal 
conductivity data (Big, 4*3) lower density, presence of other 
phases seem to be responsible fca* this 
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2 3 !iDemT)erature 

Fag 6 1 BhoTiB the conductxTity of all the saaples 
plotted on a log <s v8 l/I diagram* 5he data obtained fraa 
the Bxlver paxnt measurements fall ne^M-ly on a strai^t Ixne 
and thus follow the Arrhenius relation With sodium nit3?ate 
electrodes the straight lines obserred in log o vs X/f plots 
xn Fig 6,1 exhibit a slight curvature, when the same data are 
plotted on an expanded temperature scale. 

The activation energies calculated for the samples* 
vising Ag paint electrodes (Table 6,1) are nearly the S)M» as 
the published values (,#)-14 hJ/mole for p-altadna) * The 
values obtained with HalO^ electrodes are subtly lower. !lhe 
value of the activation energy calctlated frcw the slope of #ie 
log o vs l/T curves for Na/p-alumina/lJa cell (Fig 3 4) is 
about 30 kJ/mole, which is about twice the value obtained from 
molten NaNO^ or Ag paste measuraaents Similar slopes have 
been observed by Sudworth, (Pig 6 10) using purified sodium 
and oxide saturated sodium with tubes of electrolyte. The 
liquid sodium electrodes can cover a wide rajage of temperature 
(150-400°G), where as molten ITaNO^ system is limited to a 
range of 320-400°C 

Resistance measurements were carried out on p*’ *-altjmina 
(sample B) at lower temperatures (upto 125*^0) vising Ag paste 
electrodes The results obtained are plotted in Fig* 6.10* 

A break xn the straight line can be seen at about 130 0* 
below which the slope is much hi<^er. A eiisillar behavior has 
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been observed by othiera (Fig 6 10) in the case of polycrys- 
talline p " -aliuaina samples tiie break occiiring at different 
temperatiore depending upon the electrode systaa and the 
frequency used jQie change in slope is due to the change in 
the conduction mechanism and is not yet fuHy understood 

2 4 Frequency 

Electrode polarization is one of the most important 
factors to he considered m the conductivity measurement of 
*super— ionic conductors’ (see Sec* 2 1 CSiap* IT)» ¥ith 
blocking electrodes, (silver paste) very hi^ freq^lenole0 are 
needed to avoid polarization Using these electrodes the 
resistance of the specimens vas observed to be of 1^e order* 
of tens of kilo-ohms at low frequencies (even upto 100 kSz) 
The measurement was , therefore , earned out at a frequency of 
1 MHz, which IS fairly hi^ and was easily available Beyond 
this frequency, measurement becomes a problem, because of the 
sophisticated equipment needed, and the lead impedance* fhe 
polarization is not absent, however, even at this hi^ 
frequency , as proved by the fact that the conductivity value© 
obtained with EaNO^ electrodes are much hi^er for the same 
sample compositions 

t»Kp frequency dependence of molten electrode 

measurements is shown In Fig* 6.2* me frequency dependence 
does not vary much with temperature as eno(wn by the nature of 
the curves at 550^0 and 400®C* This shows that the system 
gives a very good contact irrespectiwe of the temperature 


¥ it 



90 


(above the melting point of HalO^, ^ 510 *^ 0 } 

The IMHz valiie can be taken as the infinite frequency 
value at least for composition D In fact, the frequency 
dependence is an interface ihenaaenon and depends upon the 
natxire of the surface of the sample With high density samples , 
the contact area is clearly defined by the geometric surface 
area of the sample, and therefore the frequency dependence is 
small 

The d c, senes capacitazKje idth SaWO^ electrodes i*as 
measured at some teaperatiires and fouz^ to be emhh larger than 
the expected values for a flat plate electrode < ^ 20 iiF/cna ) 

This proves that the effective surface area is larger tdmn the 
geometric surface area, indicating thereby, that the electrode/ 
electrolyte interface is not sharp, due to the porous nature of 
the electrolyte Because of this an interface impedance must 
come into the picture Also, since all the samples were not 
of the same geometric shape, an accurate comparison of the 
bulk properties can not be done on the basis of these aata 

The pure p-alxmtina sample (B) shows the lowest frequency 
dependence of conductivity (Fig 6>3)* is because, the 

specimens had the highest density and hence lowest interface 
effects The MgO doped -alisaim samples had in general lower 
densities and show very large frequency dependence of conductivity 
at low frequencies, because the interface impedance dcwlnates 
at low frequencies 

In the ease of llqtiid sodium electrode® the frequency 
dependence is much smaller as shown in Fig. 6.a» itate'h ccmpsres 
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the dependence of conductivity on frequency for Ka electrode 
'’no. ^aFO^ electrode systems at 350°C Bie frequency dependence 
IS, however, temperature dependent in this casei as shown hy 
Fig 65 At hi^er temperatures, the liquid sodium gives 
an improved wetting, and hence lesser frequency dependence 

3 Ha/e-ALlMINA/Ha OEIL 

With liquid sodium electrodes wetting could he achieved 

at about 375°C only after 7 hours (idg 6 3)* althou^ the 

sodium metal contained oxide Tdiich imjaroves the wetting 
33 

behavior The specimens could not be polished to a very 
smooth surface, because Of the low deoiity and the hi^ 
porosity } the liquid sodium thus mahing contact only at 
projections on the specimen surface, and reducing the effective 
area of contact This causes a reduction in the observed 
conductivity 

The impedance of the interface contributes to a large 
extent, as proved by the impedance plane plots (Oole-Oole diagrams) 
with frequency as a parameter (I'dg* 6 6) 53ie shape of the 
plots suggest an equivalent circuit as shown in Fig. 6 6b 
The presence of a Warburg impedance 10 confirmed, which shows 
that a diffusive process is responsible for conduction at the 
interfaces Since p~alumina has a very hi^ concentration of 
mobile species - it is a ‘super ionic' conductor - in sin^e 
crjstal and highly dense forms, the effect should he due to 
the presence of semi-infinite pores at the interface* Impedance 
measurements have been dense hy others^ atid similar results have 
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"been obtained 

These results prove that the surfaces of the samples 
shoiild be hi^ly polished to imke them *flat ' , for making 
sodium electrode measurements Biis necessitates fabrication 
of fully dense sintered specimens 

4 COMPiRISOH OP ELEOTRODE SYS!IfEMS 

The conductivity plots for sample B, obtained using 
the three electrode systems have been replotted in Fig 6 #7 
for comparison Molten is apparently the best of the 

three considered, althou^, it is applicable in a narrow 
temperature range Compared to the HaJO^ syst« the molten 
sodium system works in a lauch wider range, and has smaller 
frequency dependence, (Fig» 6 8) as a result of which lower 
frequencies are adequate for measurements The frequency 
dependence is, however, temperature dependent and effective 
wetting needs a long time Also this method requires handling 
of metallic sodium, which is very difficult. 

The silver paste electrodes give polarization even at 
very high frequencies The four-probe methods can be used 
with silver paste^"^'^® or other blocking electrodes (see 
Sec 2 1, Chap IV) to get accrurate values of bulk properties, 
but Mitoff outlined a very elaborate equipment for this purpose. 
The molten KaHO^-iraKO , electrode system requires atraaosphere 
control, while increasing the tenperslimre range only by 
about *)0^C In the molten sodltaa nitJ'ate case, the temperature 



IS relatively unimportant as far ae wetting is concerned, 
compared to the liquid sodium case, iji which frequency 
dependence vanishes near 350°C But this electrode system is 
more frequency dependent in the lower frequency range, showing 
the presence of polarization Ihe sodium ions are not readily 
available in this case as has to he electrolysed to 

yield Na*^ ions fhis may give rise to evolution of bubbles 
of the oxides of nitrogen Probably the formation of gas 
bubbles at the face of the electrolyte gives rise to polarization 
at low frequencies Bus bubble entrapment can be avoided by 
keeping the active surface vertical In the present stuuiy 
molten HaJTO^ gave higher values of conductivity than liquid 
sodium, however, other workers have found the reverse to be 
true 

In view of these facts, the la»0^ electrode system is 
the most attractive system, because of the simplicity of the 
cell design and the equiixaent needed » With dense sintered 
specimens, the method should work satisfactorily at frequency 
of about 10 kHz The NaHO^ electrode system should therefore 
he preferred The presently used sample holding technique 
could be improved for handling of a larger number of samples, 
by avoiding the sealing that is needed here Larger rod shaped 
samples could be xised, with pads holding molten HaSO^ on each 
end, the cylinderical surface being coated by an insulating 

j 
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5 NaNO^ ELECTROLYSIS 

A total charge of about 1650 coulcsahs was passe<i 
thro\i^ the cell After carefully rraaoviiig the MaHO^ sticking 
to its outside surface , the tube was wei^ied and the increase 
in mass from the original mass was found out* The difference 
VIZ 0 4 gms, must be the mass of sodium electrolysed and 
corresponds nearly to the value given by Faraday’s Law* Since 
1 Faraday (96,490 coul ) of charge should electrolyse 23 ©as 
of sodium, the mass of sodium electrolysed by 1650 ooul* 
should be about 0 39 ©as Ihe test demonstrates the possibility 
of producing pure sodium metal electrolytioally, and can be 
used whenever the handling of metallic sodium needs to be 
avoided 

After the test the electrolyte disc was examined and 
found to have developed small black regions* Ho effort was 
made to confirm whether these are metallic sodium ac emulations 

6 SODII3M>8ULFUR CELL 

The pyrex ^ass cell fabricated in the laboratory 
was placed inside a small electrical furnace and heated to 
300°C The internal resistance of the cell was found to be 
very hi^ (few htmdred ohms) The cell exhibited a sli^t 
decrease in internal resistance as the teape3ruture was 
increased to 350^0 Tho cell was allowed to stay at this 
temperature with a resistance load connected to its te rmin a ls » 
After a few hours the cell exploded I 
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The electrolyte disc was found to have cracked into 
two parts Conclusive evidence could not be found to pm 
down the cause of the breakdown Mectrolyte crackii:^ or the 
failure of the seal could bring about contact between the two 
compartments of the cell and might have been tbe cause of the 
trouble 

It was concluded that the cell fabrication should not 
be taken up imtil the electrolyte properties and the sealing 
techniques are improved 
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SUMMJJLJ m) CONCLDDIifG REMARKS 

The conductivity of various HgO atahilized and § 
alumina samples was measured using silver paste, molten 
sodium nitrate and liquid sodium electrodes It was found that 
the observed conductivity generally varied with the frequency 
of measurement indicating presence of electrode-electrolyte 
interface impedance In this respect the molten sodium 
electrodes yield relatively frequency independent results 
althou^ the system attains equilibrium after a long time 
Since use of molten NalO^ as an electrode system permits simple 
cell designs , this system appears to have an edge over other 
systems for purposes of screening electrolyte materials 
With liquid sodium electrodes the nature of the electrode-^ 
electrolyte interface impedance "^s deteiiained hy mktng 
impedance measurements as a ftmetion of frequency 

An attempt to make a cell, using a 1 in disc and a 
glass assembly failed, as it gave very hi^ internal resistance 
and ultimately broke down The presently fabricated material 
was found to be unsuitable for battery use due to its low 
electrical conductivity and high porosity Althou^ the 
samples did not possess continuous pores, they wore not 
impervious For use in a battery, a ceramic should be dense and 
impervious to rule out possibility of diffusion of reactants 
across it Even with an almost perfect electroly fee i if Is 
essential to ascertain that it wonH crack whsh uiied In a cell 
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This req.TJires subjecting the candidate material to a test in 
which the actual life -determining conditions are simulated 
Analysis of a cell design showed Ihat the use of 
materials having smaller conductivity does not much alter the 
cell performance if the thickness is kept small. Some 
sacrifice in performance of a cell due to the use of an 
electrolyte with higher resistance may be traded off by an 
improvement in cell life due to the better mechanical 
properties of the electrolyte 
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APPEHSIl 


Intrinsic Efficiency 

Uie (xibbs free- energy change is related to the 
electrochemical equilibrium potential B, by the follo^ring 
relation 

- G- = nPB 

Ihe total energy change, z. H in a reaction is, howerer, 
always larger than Zt 6, and the re m aini ng energf is lost as 
an entropy increase 

Hence the maximum intrinsic efficiency is given by 

’Wx “* "S'S 

OSiis IS in general nearly unity and can be neglected Bbe 
entropy increase gives rise to a heat loss , which must be 
accounted for in designing the cooling system of a battery 

Yoltage Efficiency 

As soon as a current (I) is drawn from a cell, the 

cell potential falls from the equilibrium value E to 

y = B «. I H. , where R is the internal resistance of the 
xn ^ 

cell due to polarization etc Therefore a voltage efficiency 
=» Y/B IS defined for cell systems 

Baradlc or Otarrent Bjfflciency 

The voltage efficiency glYos the actual efficiency of a 
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cell only if the reactants are ccmpletely conTsrted to 
final reaction products i e , if the overall reaction is 
fully accomplished and none of the electrons take |»rt in seme 
alternative reaction To allow for the possibility that 
such a wastage does occur, a current or faradii efficiency 
7 )^ must be taken into account 

Overall efficiency 

In many reactions T|^ is virtually \inity 
Power Output 

The power P of an electrochemical convertor is 
defined as 

P = IV (watts) 

Energy Output 

Energy output, = PT twatt-'hours ) 

where T is the discharge time in hours It is assumed that 
all the stored energy is used up by drawing power uniformly 
at P for T hours For large T, P or the current density has 
to be maintained to a small value 

= I(B - I - Ti^W 

where t)^ =r discharge efficiency 
Sr a stared energy 

The power P is email# i»hen the current is small# even 
though the vol age V is near the B Sbe power output 
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IS also small, liatietL tile currstit is very lerge because of th.e 
growtli of tile over potentials term} !rhus the P vs I 

sh-ows a maxima For getting a high efficiency, the power 
must he maintained at a low value Conversely for a maH 
discharge time, i e , with high current densities, the 
efficiency of conversion falls to a low value At the 
highest current drains, both the power and efficiency fall 
to zero 

Energy Density 

This refers to the energy which may he extracted frc» 
a given mass of reactants or a device per unit mass* 

Energy density = nPE 
where M is the total mass 

Since Ti^ IS dependent upon the rate of discharge for 
a certain device, energy density as well as power density are 
dependent upon rate of discharge 
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